Introduction
Most solid tumors contain a tumor-specific microenvironment that is characterized by low oxygen partial pressure (pO 2 ) and low pH. [1] [2] [3] [4] [5] Inadequate nutrient and oxygen supply results from the chaotic and distorted tumor vascular network formed during pathological angiogenesis. Tumor hypoxia is a major prognostic indicator of poor prognosis and also participates in resistance to chemotherapeutic drugs. For tumor cells within the hypoxia microenvironment, which occurs as they outgrow their vascular supply, their growth rate slows and conventional chemotherapy that targets cell proliferation are no longer effective. One of the biggest challenges faced by oncologists is to identify the best treatment for each cancer patient that will be personalized to the needs of that particular patient. The extent of tumor hypoxia, which varies from patient to patient, may be a measure of resistance to therapy and intratumoral heterogeneity that are selective to individual patients, especially with metastatic lesions. Developing the ability to image hypoxia in tumors could identify those patients that may be resistant to traditional therapies. Such patients may then be identified for more aggressive or targeted therapies soon after diagnosis, which may have a significant impact on their survival. 3 Several researchers have used oxygen electrodes to measure oxygen partial pressure (pO 2 ) in accessible tumors, most commonly cervix 6 and head and neck. 7 However, the use of electrodes is limited for measuring pO 2 in larger deeply located tumors, such as breast cancers. The best measure of hypoxia would use a molecular probe that is dependent upon the level of O 2 , and exhibits a highly sensitive output. In addition, the probe should be delivered to all cells equally independent of vascular flow. Nitroimidazoles are a commonly studied class of molecular probes that meet these criteria since they diffuse freely in the body and are irreversibly trapped by nucleophilic covalent binding to proteins in environments of low pO 2 (<1.5% O 2 ). 8 Among all the imidazole compounds, 2-nitroimidazoles have higher electron affinities and are the most commonly used hypoxia markers labeled with positron emission tomography (PET) radionuclides such as 18 F or 124 I (Refs. 9 and 10). Labeling with multiple 19 F atoms has also been used for magnetic resonance imaging (MRI) detection of cancers. 11 Problems associated with PET radionuclides include low resolution, high background counts, and the use of radioactive tracers. In addition, both PET and MRI systems are expensive for routine clinical use in longitudinal imaging assessments over the course of neoadjuvant chemotherapy; thus, new approaches are needed.
Near-infrared (NIR) fluorescence diffuse optical tomography (FDOT) has tremendous potential for probing tumor molecular markers associated with tumor proliferation, growth, and metastasis. [12] [13] [14] [15] [16] In FDOT , a NIR fluorescent probe is administered, and the irradiation with NIR light allows collection of the emitted fluorescence signals by detectors or a charge coupled device (CCD) camera for tomographic reconstruction of the 3D imaging volume. This technique is capable of imaging targets at depths up to 2.0 to 3.0 cm from the skin surface when the sources and detectors are employed in reflection geometry. The resolution depends on tissue scattering properties and system signal-to-noise ratio. In general, targets of several millimeters to 1 cm can be resolved. FDOT has been successfully used for imaging molecular probes in small animals and for exogenous contrast agents in human brain and breast lesions. [12] [13] [14] [15] Optical imaging systems offer the advantages of low cost, portability, and can be used repeatedly for longitudinal imaging in outpatient clinical settings. To the best of our knowledge, there are no hypoxia probes for FDOT imaging of tumor hypoxia in the NIR spectrum (700 to 850 nm). Among the NIR fluorescence dyes reported in the literature, indocyanine green (ICG) is the only FDA approved agent that can be used for human subjects due to the very low toxicity and high absorbance in the NIR spectrum. Several breast cancer studies have used ICG absorption or fluorescence to enhance tumor contrast. 13, 14 However, ICG functions as a nonspecific fluorescent dye and it is washed out of the body and tumor sites in less than 10 to 20 min, as would be expected for a small nonreactive dye.
The lack of effective hypoxia imaging probes for use in FDOT in the near-infrared spectrum inspired our synthesis of novel dye-conjugates that link an FDA approved compound, a 2-nitroimidazole derivative, and a bis-carboxylic acid derivative of ICG. 17, 18 The details on dye synthesis procedures, photophysical and chemical properties, and optical stability of the compounds are explained in Refs. 17 and 18. Briefly, both the bis-carboxylic acid ICG derivative and 2-nitroimidazole-ICG have the excitation peak at 755 nm and fluorescent emission peak at 778 nm with a quantum yield of 0.088. In this article, we present the validation of hypoxia targeting and the binding sensitivity of the prototype 2-nitroimidazole-ICG hypoxia marker, with the bis-carboxylic acid ICG derivative as a reference (hereafter cited as ICG). We also present in vivo hypoxia monitoring and tomography imaging studies using murine tumor models. Fluorescence images of histological sections of tumor samples using a Li-COR scanner and immuno-histochemistry stains for tumor hypoxia using Hypoxyprobe TM -1 are presented.
Materials and Methods
Hypoxia-dependent targeting of the conjugates were assessed in vitro using 4T1 breast cancer cells. Four dishes, each having approximately one million tumor cells, were evaluated first. Two of the four dishes were treated with 5 μM ICG and the other two were treated with 5 μM of the 2-nitroimidazole-ICG conjugate. It is noted here that this particular ICG derivative does not form multimers at the concentrations that we used in the in vitro and in vivo experiments. One dish from each group was incubated in normoxic (5% CO 2 , 95% air, 37 • C) conditions and the other two in hypoxic (5% CO 2 , 1% O 2 , 94% N 2 , 37 • C) conditions. The gas mixture was customized by Airgas East (Cheshire, Connecticut). After 3 to 4 hours of incubation in the hypoxic chamber, 19 the cell medium oxygenation degraded from 90% to 10%, which were the oxygenation levels commonly observed in normoxic and hypoxic tissue microenvironments. After incubation, dishes were washed twice in phosphate buffer saline (PBS) to remove the unbound molecules and the fluorescence spectra were measured by using a fluorescence spectrophotometer (Varian Analytical Instruments, Walnut Creek, California). Because the fluorescence spectra measured from treated cells were weak, we have used the integrated fluorescence intensity which was calculated as the area under the fluorescence spectra in the wavelength range of 770 to 890 nm for our analysis.
The capacity for the 2-nitroimidazole-ICG to target tumors in vivo was tested using a murine tumor model (4T1 mammary cancer cells grown in Balb/c mice). The animal protocol was approved by the Institutional Animal Care and Use Committee of the University of Connecticut. 4T1 breast cancer cells (1×10 5 ) were injected into the lower right mammary fat-pad of 7-week-old Balb/c female mice. Two sets of experiments were performed when tumors reached approximately 10 mm in the largest dimension, 2 to 3 weeks post-innoculation. In the first set of experiments, tumor uptake and dye wash out time was measured in 4 mice using two pairs of source-detector assemblies placed on top of the tumor and the normal sites. In the second set of experiments, fluorescence tomography imaging experiments were performed in three mice using a hand-held probe with mice tumor submerged in the intralipid solution. 16 All the experiments were performed under anesthesia by the inhalation of 1.5% isoflurane. A commercially available 2-nitroimidazole hypoxia marker, Hypoxyprobe TM -1 from HPI Inc., was used to visualize the hypoxia tumor areas using an immuno-histochemistry technique. Based on the protocol provided by the company, 45 min before the animal was euthanized, 1.5 mg of Hypoxyprobe TM -1 diluted in 100 μl of 0.9% saline solution was injected. Immediately after the animal was euthanized, the tumor was harvested, mounted using OCT (optimum cutting temperature) gel, and then frozen under -80 • C. Frozen samples were cut in 10 to 20 μm thin slices and adjacent slices were processed with: a. antibody kit from Vector Laboratories (California) to visualize the Hypoxyprobe TM -1; b. H&E stained to visualize the tumor morphology; and c. high resolution fluorescence imaging performed to visualize the presence of the dye in tumor areas. In the tumor sample fluorescence imaging, sections were dried and imaged using an Odyssey Infrared Imaging System (Li-COR Biosciences, Nebraska). This instrument provides scan resolution ranges of 21 to 339 μm. The fluorescence images obtained for this work were acquired at 21 μm which was the highest resolution. The excitation channel selected was 785 nm and emission was 820 nm with bandwidth of 40 to 50 nm. The images were obtained using the analysis software provided by the company. 20 To visualize the hypoxic regions, part of the tumor tissue was fixed in 4% paraformaldehyde overnight. Slides were blocked in 5% normal goat serum for 1 h at room temperature. Slides were incubated with a primary antibody, mouse IgG monoclonal antibody (MAb1) diluted in 5% normal goat serum (1:50 Hypoxyprobe, HPI Inc., Massachusetts), washed, and a secondary biotinylated goat-anti-mouse IgG antibody was applied. The avidin-biotin peroxidase complex method was used and staining was visualized using the DAB chromophore (DAB, ABC; Vector Laboratories, California). 21, 22 
Results
As shown in Fig. 1(a) , the fluorescence emission was 2.5 times higher for cells treated with 2-nitroimidazole-ICG in hypoxia as compared with that in normoxia; while fluorescence intensity of ICG treated dishes were the same for both hypoxia and normoxia conditions. The results demonstrate that more 2-nitroimidazole-ICG was trapped in/on the tumor cells under the hypoxia conditions. The binding sensitivity increases with cell concentration (at fixed dye concentration of 5 μM) as expected, because of the expected cell-dependent consumption of the available oxygen [see Figure 1(b) ]. The integrated fluorescence intensity increases linearly with cell density for cells treated with 2-nitroimidazole-ICG under hypoxic conditions. Dye concentration effects are shown in Fig. 1(c) . At the 1 μM concentration, the fluorescence intensity of 2-nitroimidazole-ICG is about 2 times higher under hypoxia as compared to that under normoxia. At the 5 μM concentration, the fluorescence intensity of the 2-nitroimidazole-ICG compound is about 2.5 times higher than normoxia, thus maintaining selectivity for hypoxia. However, the fluorescence intensity for ICG is about the same under hypoxia and normoxia conditions. Note that the difference between fluorescence intensity under hypoxia and normoxia conditions for 2nitroimidazole-ICG at 500 nM concentration is reduced to less than 1.5 where it cannot be differentiated from ICG treated cells. The measurements for 2-nitroimidazole-ICG in hypoxic conditions were repeated on three different days to check the consistency of our findings, the results are labeled as "day 1," "day 2," and "day 3" for 2-Nitroimidazole ICG (Hypoxia) in Figs. 1(b) and 1(c) .
In the first set of tumor uptake and dye wash out time experiments, ICG was injected into two mice with tumor sizes 9 mm×6 mm and 10 mm×8 mm, and 2-nitroimidazole-ICG was injected into two mice with tumor sizes 12 mm×6 mm and 10 mm×8 mm. The fluorescence emission was recorded simultaneously at both the tumor and contra-lateral normal sites. Two pairs of source-detector assemblies were placed on top of the tumor and the normal sites to measure the responses from the tumor and normal tissues, respectively. Source-detector separation was 10 mm for both pairs. The excitation wavelength was 690 nm and the power level was 18 mW. The fluorescence signal was collected by placing a band pass filter (HQ800/60 M, Chroma Technologies,Vermont) on the emission path. 16 Equal volumes (100 μl in PBS) of 10 μM ICG were injected into two mice and 10 μM 2-nitroimidazole-ICG were injected into the other two mice via supra orbital sinus under anesthesia. Background fluorescence and/or leak through the filter were recorded 3 min prior to injection. Immediately after injection, the fluorescence signals at both the tumor and normal sites increased rapidly. For ICG post-injection, the fluorescence signal reached peak in 7 to 10 min at both the tumor and normal sites. Using the 2-nitroimidazole-ICG conjugate, the fluorescence signal reached peak in 11 to 13 min and 8 to 17 min from the tumor and normal sites, respectively. The fluorescence signal was monitored for up to 100 min post-injection and again up to 300 min post-injection with intervening anesthesia breaks. The normalized fluorescence signals (after background subtraction) versus time of ICG injection for a mouse of tumor size 9 mm×6 mm are shown in Fig. 2(a) . The normalized fluorescence signals versus time of 2-nitroimidazole-ICG injection for a mouse with tumor size of 10 mm×8 mm are shown in Fig. 3(a) . For each mouse, the dye wash out curves up to 100 min at tumor and normal sites were the same. However, the fluorescence signal after approximately 150 min at the tumor site of the 2-nitroimidazole-ICG injected mouse was about 2.2 times higher on average than that at the normal site, while the fluorescence signal after approximately 150 min at both the tumor and normal sites of ICG injected mouse were about the same. Quantitatively, the ratios of 2.64 and 2.2 were found between fluorescence signals from tumor site and normal site for 2 mice injected with 2nitroimidazole-ICG, and ratios of 1.1 and 1.3 were found for 2 mice injected with ICG. This suggests that the remaining higher fluorescence signals measured at tumor site of 2-nitroimidazole-ICG injected mice may be due to specific binding of the conjugate with tumor hypoxia areas . Figures 2(b) and 3(b) show the corresponding fluorescence images acquired with the Li-COR scanner of ICG and 2-nitroimidazole-ICG injected mice tumor samples, respectively. The tumor samples were harvested 6 h In the second set of fluorescence tomography imaging experiments, 9 source fibers and 8 detector fibers were distributed on a hand-held probe. 16 During the experiments, mice were placed on a thin glass plate with the mammary fat-pad facing the imaging probe, as shown in Fig. 4 . The center of the probe was aligned approximately to the center of the tumor and the head-to-tail of the mouse was along the Y-axis of the probe. The mouse was positioned at a fixed distance of 10 mm from the optical probe. For this set of imaging experiments, the probe-tumor contact was not a problem and the tumors studied were smaller than that of the first group. A dose of 100 μl of 100 μM ICG was injected to one mouse of tumor size 3 mm×4 mm and a dose of 100 μl of 100 μM 2-nitroimidazole-ICG was injected to two mice of tumor sizes 8 mm×4 mm and 6 mm×5 mm. The mice were imaged pre-injection, during, and post-injection at certain time intervals with intervening anesthesia breaks. Fluorescence tomography images of ICG and 2-nitroimidazole-ICG of mice of tumor sizes 3 mm×4 mm and 6 mm×5 mm are shown in Figs. 5(a) and 5(b), respectively, where the color bar represents the dye concentration in micromolars. ICG was completely washed out from the tumor site between 10 min and 3 h, but 2-nitroimidazole-ICG remained for more than 7 h in the tumor site. In Figs. 5(a) and 5(b), the second strong fluorescence target was the bladder, which was cleaned between 3 and 5 h for an ICG injected mouse and 5 to 7 h for a 2-nitroimidazole-ICG injected mouse. The data in Table  1 provides the reconstructed fluorophore concentrations for both cases and one additional mouse injected with 2-nitroimidazole-ICG. This example highlights the potential application of our novel 2-nitroimidazole-ICG for imaging tumor hypoxia after a Of the remaining one mouse injected with the 2-nitroimidazole-ICG with a tumor size 8 mm×4 mm, the fluorescence signal remained for more than 5 h post-injection in the tumor, and the bladder showed clearance between 3 to 5 h. The results are included in Table 1 . We expect that this consistent selectivity is due to the specific accumulation of 2-nitroimidazoles in hypoxic tumors.
2-Nitroimidazole compounds are reduced in hypoxic cells and irreversibly bind to macromolecules (protein, nucleotides, etc.). The bound compounds would remain until cell metabolism removed the macromolecules. It is well documented that the stability and half-life of the compound in the cells are dependent on cell type. 23 Different researchers have observed the turnover rates of hypoxic tumor cells with half-lives ranging from 17 to 49 h in various solid tumors. In a separate study, we have observed that the 2-nitroimidazole-ICG remained in a tumor, injected with 4T1 cell line, for 21 h and disappeared at 42 h postinjection. Future studies will investigate the optimal imaging window for the reported 2-nitroimidazole-ICG hypoxia probe.
Summary
In summary, we report the first in vivo animal experiments of a novel 2-nitroimidazole-ICG conjugate for noninvasive tumor hypoxia mapping using a near-infrared fluorescence imaging technique. We show that the fluorescence signals measured at the tumor site injected with 2-nitroimidazole-ICG was two-fold higher that that at the normal site after 150 min post-injection, while the fluorescence signals measured at the tumor site injected with ICG only was about the same as that measured at the normal site at the similar post-injection time. Fluorescence images acquired using a Li-COR commercial scanner on thin tumor samples confirmed a significantly higher dye accumulation for tumor samples injected with 2-nitroimidazole-ICG when compared to that of the ICG injected tumor. Immuno-histochemistry stains for tumor hypoxia using Hypoxyprobe TM -1 showed the presence of tumor hypoxia areas. Post-injection fluorescence tomography images confirmed that the targeted 2-nitroimidazole-ICG remained for more than 5 to 7 h in tumors, however, the nontargeted ICG washed out from tumors in merely less than 3 h. Further investigations with a larger number of animals are warranted to validate the initial findings reported in this study. Additionally, the detection sensitivity and the imaging depth of our novel 2-nitroimidazole-ICG conjugate will be evaluated. The ultimate goal is to develop an in vivo hypoxia probe for mapping tumor oxygen conditions of advanced tumors and assessing treatment responses.
